The sequence of the RNase P RNA gene (rnpB) was determined for 60 strains representing all nine species in the family Chlamydiaceae and for the related Chlamydiales species, Parachlamydia acanthamoebae and Simkania negevensis. These sequences were used to infer evolutionary relationships among the Chlamydiaceae. The analysis separated Chlamydophila and Chlamydia into two lineages, with Chlamydophila forming three distinct clusters : the Chlamydophila pneumoniae strains ; the Chlamydophila pecorum strains ; and a third cluster comprising the species Chlamydophila psittaci, Chlamydophila abortus, Chlamydophila caviae and Chlamydophila felis. The Chlamydia line of descent contained two clusters, with the Chlamydia suis strains distinctly separated from strains of Chlamydia trachomatis and Chlamydia muridarum . This analysis indicated that the rnpB sequence and structure are distinctive markers for species in the Chlamydiaceae. It was also demonstrated that the RNase P RNA derived from Chlamydia trachomatis is able to cleave a tRNA precursor in the absence of protein. These findings are discussed in relation to the structure of Chlamydia RNase P RNA.
INTRODUCTION
The order Chlamydiales is a group of obligately intracellular bacteria which have a unique developmental cycle and pathogenicity. They are parasites of humans and a wide variety of animals including over 130 species of birds and cattle, sheep, goats, cats, muskrats, guinea pigs and koala bears (Storz, 1988) . Species in the family Chlamydiaceae have recently been reclassified into two genera, Chlamydia and Chlamydophila, that include nine species (Everett et al., 1999) . In addition, some new families now also belong to the Chlamydiales, including Parachlamydiaceae and Simkaniaceae (Everett et al., 1999) . The type species of the Parachlamydiaceae is Parachlamydia acanthamoebae, a symbiont of the amoeba Acanthamoeba castellani and an occasional pathogen of people who acquire this amoeba (Amann et al., 1997 ; Birtles et al., 1997) . Simkania negevensis is the type species of Simkaniaceae and, like many other chlamydiae, also 
Abbreviations : ML, maximum-likelihood ; NJ, neighbour-joining.
The EMBL accession numbers for the rnpB sequences are given in Table 1. infects humans (Kahane et al., 1995 (Kahane et al., , 1998 Lieberman et al., 1997) .
Differentiation of chlamydial strains and species has recently been shown to be possible using the RNase P RNA gene as a marker (Herrmann et al., 1996) . Endoribonuclease P (RNase P) is a ribonucleoprotein complex that removes 5h leader sequences from tRNA precursors during tRNA biosynthesis. RNase P is present in all cells and subcellular compartments that synthesize tRNA, but catalytic activity by the RNA alone has been demonstrated only for bacterial RNase P RNA. The endoribonuclease is best understood in the domain Bacteria where it is composed of an RNA molecule of approximately 400 nt and a protein of about 120 aa (Altman & Kirsebom, 1999) . Bacterial RNase P RNAs have been separated into two main structural classes. Type A is the most common structural class and type B is found in the low-GjC Grampositive bacteria (Haas et al., 1996) . The secondary structure of RNase P RNA has been characterized for many bacterial lineages and variation among the helices provides useful phylogenetic information (Haas & Brown, 1998) . In the present study, the comparison of chlamydial rnpB sequences was expanded to include 11 species in three families belonging to the order Chlamydiales. Their phylogenetic relationships are determined, the putative secondary structures are discussed and the catalytic activity of RNase P in Chlamydia trachomatis is demonstrated.
METHODS
Bacterial strains. DNAs of analysed organisms were either released by standard proteinase K treatment of cell-culturegrown organisms and phenol-extracted or were provided as purified DNA preparations (Table 1) .
PCR amplification and DNA sequence determination. The Fig. 1 ) BH1 5h-CGGACTTTATAAGAAAAGAT-3h (upper) 64 to 83 BH2 5h-(A\G) 392 to 377 BM1 5h-(A\G)(A\G)(C\A)G(A\G)(A\G) GAGGAAAGTCC3h (upper) 48 to 64 JB1 5h-CGAACTAATCGGAAGAGTAAGGC-3h (upper) k8 to 15 JB2 5h-GAGCGAGTAAGCCGG(A\G) 398 to 377 rnpB gene in species of Chlamydiaceae was amplified by PCR with the primer pair BH1\BH2, which was designed based on the Chlamydia trachomatis sequence (Herrmann et al., 1996) (Table 2 ). The reaction mixture contained 0n2 µM of each primer, 200 µM dNTP, 1n5 mM MgCl # , 10 mM Tris\ HCl (pH 8n3), 50 mM KCl, 15 % glycerol and 2 U Taq polymerase. Amplification conditions consisted of 7 cycles of 45 s at 94 mC, 45 s at 42 mC and 1 min at 72 mC, followed by 35 cycles where the annealing temperature was increased to 58 mC. If not otherwise stated, all PCR products mentioned in the text were produced with the primer pair BH1\BH2, which amplified 82 % of the full-length gene. To generate the 5h-flanking region from type strains of the nine Chlamydiaceae species, primer pair JB1\JB2 was used, which was obtained from the complete RNase P RNA gene sequence of Chlamydia trachomatis (kindly provided by J. Brown, North Carolina State University, Raleigh, NC, USA). Ampli-fication conditions were as described for the BH1\BH2 primer pair, except that glycerol was omitted and the annealing temperatures were 53 mC and 58 mC, respectively. For amplification of S. negevensis and P. acanthamoebae, the BH1 primer was replaced by BM1, which included highly conserved nucleotides as previously described (Herrmann et al., 1996) , but did not permit sequencing of the 5h end of rnpB. The resulting PCR products were sequenced by using a terminator labelled cycle sequencing chemistry and sequence reactions were analysed on a 310 Genetic Analyzer (Perkin Elmer). Sequences were submitted to EMBL and all accession numbers listed in Table 1 are from the present study.
Sequence alignment and phylogenetic analysis. Sequence alignment required secondary structure modelling of each RNase P RNA molecule which was performed manually by using comparative sequence analysis. The predicted structures were subsequently used in the alignment procedure as an aid for the identification of loop and stem regions. The alignment was used to study molecular phylogeny. The calculated distance matrix was corrected for multiple base changes at single locations by the one-parameter model of Jukes & Cantor (1969) . This matrix was subsequently used to compute a phylogenetic tree by using the neighbourjoining (NJ) program (Saitou & Nei, 1987) , implemented under the name  in the Phylogenetic Inference Package,  version 3.51c (Felsenstein, 1993) . Maximum-parsimony trees were inferred using the  program. The  program was used to bootstrap the trees based on NJ and maximum-parsimony by resampling the data sets 1000 times. The construction of the maximumlikelihood (ML) tree was performed with the  program using the F84 model of molecular evolution applying empirical base frequencies, global rearrangement and the jumble option.
Preparation of RNase P RNA and substrates. To test rnpB catalytic activity, the full-length Chlamydia trachomatis rnpB was PCR-amplified, cloned behind a T7 promoter, and assayed for tRNA precursor cleavage. A PCR primer matching the 5h end was designed (5h-TTTGAATTCG-AAATTAATACGACTCACTATAGCGAACTAATCG-GAAGAGTA). Underlined residues match the Chlamydia trachomatis rnpB while the remaining part of the primer corresponds to the T7 promoter. A primer complementing the 3h end was designed (5h-TTTAAGCTTGGAT GGTACCTTGGAAAAGCTCGGAAGAGCGAGTAA). Underlined residues are complementary to the Chlamydia trachomatis rnpB and the unmarked residues were incorporated in order to be able to cleave the resulting plasmid with FokI. The PCR-amplified Chlamydia trachomatis rnpB was cut with EcoRI and HindIII and inserted into pUC19 which had been cut with the same enzymes. The recombinant plasmid was transformed in Escherichia coli strain DH5α following standard protocols.
The E. coli RNase P RNA, the Chlamydia trachomatis RNase P RNA and the precursor tRNA Tyr Su3 were generated using the T7 DNA-dependent RNA polymerase as described elsewhere (Kirsebom & Sva$ rd, 1992 and references therein).
RNase P RNA assay. The RNase P RNA activity was monitored at 37 mC in our standard reaction buffer [50 mM Tris\HCl (pH 7n5), 5 % (w\v) PEG 6000, 100 mM (or 1 M as indicated) NH % Cl and 100 mM MgCl # ] as previously described (Kirsebom & Sva$ rd, 1992 and references therein) and the final concentration of Chlamydia trachomatis RNase P RNA was $ 2n4 pmol µl − " and that of precursor tRNA Tyr Su3 was $ 0n052 pmol µl − ".
RESULTS AND DISCUSSION
Comparison of rnpB sequences PCR products that included 82 % of the full-length rnpB gene were obtained from 60 chlamydial strains. The products from P. acanthamoebae strains Bn * T and Berg "( were 313 bases long and their sequences were identical. The sequence of the 299 bp product from the Z T strain of S. negevensis was 68n9 % similar to the P. acanthamoebae sequence. The Chlamydiaceae PCR products were 63n8-69n3 % similar to the segments available from P. acanthamoebae and S. negevensis. The rnpB sequences from Chlamydia and Chlamydophila, which are the two genera in the Chlamydiaceae, were 75n9-83n3 % similar. The 18 strains belonging to Chlamydia were 89n9 % similar ; the 38 strains belonging to Chlamydophila were 84n8 % similar. The 14 Chlamydia trachomatis sequences differed by only a single base substitution in the LGV biovar compared to the Trachoma biovar. The two Chlamydia suis strains differed in only two nucleotide positions. The six Chlamydophila pecorum strains were identical or differed by only 1 or 2 bases. Sequences were identical within species for 10 Chlamydophila psittaci strains (except strain M56, see below), 10 Chlamydophila pneumoniae TWAR biovar sequences, nine Chlamydophila abortus sequences, three Chlamydophila felis sequences and the two Chlamydia muridarum sequences.
Nearly full-length gene segments (98 % of the rnpB gene) were generated by PCR using primers JB1 and JB2 from a subset of 14 strains that included all of the nine Chlamydiaceae species. Comparison of these sequences reduced the inter-species similarity by as much as 2n6 % because they included the variable P3 region. The diversity in rnpB was large enough to clearly distinguish species groupings in the Chlamydiaceae. Unlike ompA gene products, which differ by up to 50 %, and rRNA genes, which differ by 10 %, this diversity will readily permit the design of genus-and group-specific PCR probes.
Strains MoPn T (mouse) and SFPD (hamster) of the species Chlamydia muridarum have been shown to differ in their MOMP gene sequences (Zhang et al., 1993) . In contrast, the rnpB genes in the two Chlamydia muridarum strains were identical, as also has been found in the ribosomal 16S\23S intergenic spacers and 23S domain I segments (Everett & Andersen, 1997) . Evolutionary pressure on the surface-exposed protein has clearly been greater than on the genes involved in the translation process. Chlamydophila felis and Chlamydophila caviae. Our study separated these strains into the four species groupings by rnpB gene sequence differences of up to 6n7 % (data not shown). These species have been isolated from host groups of distant origin and they cause a wide spectrum of diseases (Table 1) . Only Chlamydophila psittaci strain M56 conflicted with its classification as Chlamydophila psittaci and PCR of this strain produced an rnpB sequence that matched the feline sequences analysed in this study. The history of M56 provides some insight into why this may have occurred. M56 was isolated in 1961 from a muskrat in Canada (Spalatin et al., 1966) , then stocked and distributed to the ATCC from the USDA National Animal Disease Center (NADC) in Ames, Iowa, USA. In cell culture, the ATCC preparation of M56 grew out as M56 serotype in one cell line and as the feline serotype in another (A. A. Andersen, unpublished).
Fukushi & Hirai (1989) reported a feline serotype for M56 obtained from the ATCC. PCR of M56 cultured at the NADC on 8\1\90 in the yolk sacs of embryonating eggs gave Chlamydophila psittaci-avian-like ribosomal and full-length major outer-membrane protein gene sequences (Everett & Andersen, 1997 ; K. D. E. Everett, unpublished). M56 DNA used in the current study was an aliquot from the 1997 study (Table 1 ). In view of this history, our rnpB analysis suggests that M56 cultures were contaminated with feline chlamydiae during the 1960s and that uncontaminated isolates may no longer be available.
Secondary structures of the RNase P RNA
Alignment of the sequences of the rnpB gene derived from the nine Chlamydiaceae species indicated four hypervariable regions located in distinct stem-loops, denoted as P3, P12, P17 and P19 in the suggested secondary structures (Fig. 2) . This is in keeping with previous reports (see for example Haas & Brown, 1998 and references therein) and a plausible reason is that these hypervariable domains of the RNA subunit of RNase P play a role in the interaction with the RNase P protein.
The P15 loop (see Fig. 2 ) is of interest since in most bacterial RNase P RNA molecules it harbours a GGU motif that interacts with tRNA precursors by base pairing with the 3h-terminal RCCA motif of the tRNA (Kirsebom & Sva$ rd, 1994) . The absence of this sequence motif from all members of the Chlamydiales is striking and an ATAA bulge is seen in all nine Chlamydiaceae species (positions 291-294 in Chlamydophila psittaci, Fig. 2 ), except in Chlamydophila pneumoniae (GAAA) and in Chlamydophila felis (ACAA). Furthermore, a different structure in the P15 region of Chlamydiaceae species is rationalized by the finding that none of the identified tRNA genes encode the 3h-terminal CCA sequence (Stephens et al., 1998) .
Interestingly, the P15 region in P. acanthamoebae harbours a purine-rich bulge carrying a GGU motif. This might indicate that these RNase P RNAs interact with the 3h-terminal RCCA sequence as does E. coli RNase P RNA, given that the CCA sequence is encoded in the tRNA genes in this species. By contrast, the P15 loop structure of RNase P RNA derived from S. negevensis is similar to that observed in most cyanobacteria (Vioque et al., 1997) and it carries a GGAU motif in the P15 loop as does RNase P RNA derived from Thermus thermophilus (Hartmann et al., 1991) . It has been suggested that this loop of RNase P RNA in T. thermophilus carries a high-affinity binding site for the 3h end of a tRNA precursor (Hardt et al., 1995) and it may therefore also be valid for S. negevensis.
The RNase P RNA in Chlamydiaceae species harbours a P18 helix whereas P. acanthamoebae and S. negevensis appear to lack this element. It has previously been shown that the P18 helix can be deleted without losing catalytic activity, suggesting that it is not directly involved in catalysis (Haas et al., 1994) . The P18 helix, when present, is associated with a phylogenetically conserved GNRA tetra loop which docks into its suggested receptor in P8 (the G83C93 base pair in Chlamydophila psittaci ; Fig. 2 ; Brown et al., 1996 ; Massire et al., 1998) . Furthermore, bacterial RNase P RNAs that lack the P18 helix have an extended P8 helix and it has been suggested that this compensates for the loss of P18 (Brown et al., 1996) . Since neither P. acanthamoebae nor S. negevensis have an extended P8 or an apparent P18 with a GNRA tetra loop, perhaps Analysis of the RNase P RNA gene of the chlamydiae the nucleotides in the P18 region form an alternative structural element that interacts with P8.
A long-range interaction has also been suggested between the GNRA tetra loop in the P14 helix and the P8 stem (Brown et al., 1996 ; Massire et al., 1998) . This is supported by our present data in all nine species of Chlamydiaceae (the U82A94 base pair and G201 in Chlamydophila psittaci, Fig. 2 ) and by the presence of an A in the P14 loop and the GC base pair in P8 in P. acanthamoebae and S. negevensis (Fig. 2) . Given the presence of this interaction, it is surprising that in the three serovars L1-L3 of Chlamydia trachomatis, the G205 nucleotide (corresponding to G201 in Chlamydophila psittaci in Fig. 2) is substituted by an A, but without a corresponding base pair shift in the P8 helix.
In the minimum consensus bacterial RNase P RNA, certain positions have 100 % conserved nucleotide bases (Brown, 1998) . Our data showed that the wellconserved cytosine at position 60 has been replaced by a uracil in all examined species of the genus Chlamydophila (Fig. 2) , while no change was observed for the genus Chlamydia. This generates either a UG wobble base pair or a UA base pair, depending on the residue at position 376 (numbering refers to Chlamydophila psittaci). The region of the RNase P RNA derived from these species could not be examined with the primers used in the present study.
Cleavage of tRNA precursors by Chlamydia trachomatis RNase P RNA Bacterial RNase P RNA is catalytically active in the absence of the RNase P protein moiety (Altman & Kirsebom, 1999 and references therein) . To investigate whether Chlamydia RNase P RNA alone is able to cleave its substrate, Chlamydia trachomatis RNase P RNA was generated and the cleavage pattern was analysed using the E. coli tRNA Tyr Su3 (pSu3) precursor as substrate. This RNase P RNA was indeed able to cleave pSu3 at the expected position only when using NH % Cl at high concentration, as described in Methods. This is in keeping with a previous observation of cleavage by Chlamydia trachomatis RNase P RNA (Haas & Brown, 1998) . Taken together with the structural observations, this demonstrates that RNase P RNA does not require a P15 internal loop (or a P15 hairpin loop) for catalytic activity. However, it was noted that the extent of cleavage by Chlamydia trachomatis RNase P RNA was significantly reduced compared to cleavage by E. coli RNase P RNA.
Phylogeny of the family Chlamydiaceae
The secondary structures of the helices P15, P16, P17, P18 and P19 were the most difficult regions to resolve for the members of the Chlamydiaceae. Consequently, two of these regions, namely P17 and P19, were removed from the final data set that was used for phylogenetic calculations. This was due to the high nucleotide variability in the locale of P17 and the apparent absence of the helix P19 in the rnpB gene of P. acanthamoebae (Figs 1 and 2) . Also, the ambiguously aligned positions 94, 150, 151, 153, 286 and 298 (according to the numbering of the rnpB gene of Chlamydia trachomatis in Fig. 1) were removed prior to phylogenetic analysis. Gapped positions were generally not omitted from the final alignment except for the termini of the 5h-end, since positions 1-68 were not determined for S. negevensis and P. acanthamoebae. Consequently, the corrected final alignment comprised 271 positions.
Different algorithms were used to calculate evolutionary trees to reveal the phylogenetic relationships among the species of the family Chlamydiaceae. Virtually identical tree topologies were obtained by using distance matrix and character-based methods. A representative phylogenetic tree derived by using NJ (Saitou & Nei, 1987) is shown in Fig. 3 . The stability of the branching order was evaluated statistically by the determination of bootstrap percentage values. These values as obtained by NJ and maximum-parsimony are given at the nodes. The branching order supported by the ML tree has also been added to each branching point in Fig. 3 . Two taxa branched somewhat differently in the dendrogram constructed by ML and an asterisk indicates the actual node displaying this instability. Identical tree topologies to those shown in Fig. 3 were also obtained when only using rnpB data from the species belonging to Chlamydophila and Chlamydia but extending the data set to comprise the nucleotide information of the 5h-end. Therefore, the branching order in this part of the tree was not resolved.
The tree in Fig. 3 shows that the genera Chlamydophila and Chlamydia can readily be distinguished from one another by comparing rnpB gene sequences. These findings are consistent with recently published phylogenies based on full-length 16S and 23S rRNA genes, and on their intergenic spacer regions (Everett & Andersen, 1997 ; Everett et al., 1999 ; Pudjiatmoko et al., 1997) . However, this conflicts with the results presented for the 16S rRNA gene by Pettersson et al. (1997) . A plausible explanation is that the 16S rRNA study was based on only four-fifths of the full-length nucleotide information for these genes and that some of the sequences used for comparison were rather distantly related. Therefore, some phylogenetic information was lost in the final data set. In a subsequent 16S rRNA analysis using almost complete 16S rRNA gene sequences and only close relatives as outgroups, there was limited correlation with other branching orders (B. Pettersson, unpublished) . Thus, it can be concluded that 16S rRNA genes provide low resolution in describing the evolutionary interrelationships of the members of the family Chlamydiaceae. T and S. negevensis strain Z T were chosen as outgroups. Parsimony and ML analyses produced identical branch order. However, two taxa branched slightly differently in the ML tree and this node is marked with an asterisk. Bootstrap support values at the nodes were obtained from 1000 resamplings of the data set using NJ and maximum-parsimony. Scale bar, 5 substitutions per 100 nucleotides.
rRNA analyses show numerous long branches with clusters attached, rnpB analysis has evenly distributed sequence differences that distinguish chlamydial groups at family, genus and species levels. The sequence diversity of the rnpB gene in species of the order Chlamydiales will make it possible to use this gene for the discrimination of chlamydial species. Moreover, this specificity reveals a functional isolation of each grouping that is consistent with the species-specific ecological niches described by Palys et al. (1997) . The conservation is also consistent with previously identified groupings. The specificity found in so basic a function as tRNA processing, suggests that the species groupings in the Chlamydiaceae have been evolutionarily isolated for a very long period of time. The presented phylogenetic analysis supports the revision of the classification of the Chlamydiaceae family described by Everett et al. (1999) .
